The circadian clock uses a widely expressed pair of clock activators to drive tissue-specific rhythms in target gene expression. A new study sheds light on this tissue specificity by showing that binding of clock activators and tissue-specific transcription factors to closely associated target sites enables cooperative activation of target genes in different tissues.
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In animals, different tissues have specialized physiological and metabolic functions, such as the regulation of blood sugar by the pancreas, the absorption of nutrients by the intestine, and the elimination of toxins by the liver. These tissuespecific physiological and metabolic functions are coordinately controlled with respect to each other and the time of day. Such coordination is effected by circadian clocks, which use a conserved pair of basic-helix-loophelix transcriptional activators, CLOCK-CYCLE (CLK-CYC) in Drosophila and CLOCK-BMAL1 (or NPAS2-BMAL1) in mammals, to drive rhythmic gene expression in a vast array of tissues [1, 2] . Clock regulation of different tissue-specific physiological and metabolic rhythms implies that CLK-CYC and CLOCK-BMAL1 activate a different set of target genes in each tissue. Indeed, accumulating evidence supports this view [2] [3] [4] , but little is known about how different target genes are selected by CLK-CYC and orthologs in different tissues. In this issue of Current Biology, new work by Meireles-Filho et al. [5] takes an important step towards understanding tissue-specific rhythms in gene expression by showing that CLK-CYC collaborates with tissue-specific transcription factors bound at nearby cis-regulatory sequences to synergistically activate different sets of target genes in different tissues.
CLK-CYC and CLOCK-BMAL1 primarily bind consensus CACGTG E-box sequences to drive rhythmic transcription of target genes in most tissues. These target genes can be roughly divided into two groups; core clock genes that keep circadian time via feedback inhibition of CLK-CYC and CLOCK-BMAL1 in all clockcontaining tissues, and clock output genes that control common processes in many clock-containing tissues or specialized processes in specific clock-containing tissues. Several lines of evidence suggest that CLK-CYC and CLOCK-BMAL1 collaborate with other factors to bind E-boxes and activate output gene transcription in different tissues. Since consensus CACGTG E-box sequences are (statistically) present about every 4 kb, there are tens to hundreds of thousands of potential CLK-CYC and CLOCK-BMAL1 binding sites in Drosophila and mice, respectively. However, chromatin immunoprecipitation (ChIP) analysis demonstrates that there are only w1,500 CLK-CYC binding sites in Drosophila heads and w6,000 CLOCK-BMAL1 binding sites in the liver [3, [6] [7] [8] , indicating that additional sequences and/or transcription factors contribute to CLK-CYC and CLOCK-BMAL1 binding. In Drosophila heads, rhythmic CLK-CYC binding only identified genes with cycling mRNAs w7% of the time [3] . This poor correspondence between CLK-CYC binding rhythms and mRNA cycling can be explained by rhythmic binding to specific isoforms expressed in few cells or tissue-specific binding that is masked by high expression in other tissues. More direct evidence of tissue-specific mRNA cycling came from an early microarray study that interrogated cycling transcripts in Drosophila heads and bodies [4] . This study showed that there was little overlap in the cycling head and body mRNA populations besides core clock genes [4] , and mirrored tissue-specific differences in cycling mRNAs that were being uncovered in mammals [9, 10] . These studies demonstrated that the clock drove different populations of rhythmic mRNAs in different tissues, which provided a wealth of information about how the clock regulates tissue-specific physiological and metabolic processes and set the stage for investigating how the clock activates a specific group of output genes in a given tissue.
Since all rhythmic transcription in Drosophila stems directly or indirectly from CLK-CYC binding, Meireles-Filho et al. first identified all CLK and CYC binding sites in DNA from fly heads and bodies. CLK and CYC bound sites containing conserved E-boxes in the promoters and introns of core clock genes in both heads and bodies as expected, but they also bound many sites that were different in heads and bodies [5] . Notably, the sites that were uniquely bound by CLK and CYC in the head were linked to genes that regulated neuronal function, whereas sites unique to bodies were associated with genes involved in metabolic functions. Having established that CLK and CYC bound many sites unique to head or body tissues, how do CLK and CYC select these tissue-specific targets? A computational approach was taken to identify sequence motifs associated with CLK and CYC binding sites unique to heads and bodies. This analysis revealed multiple sequence motifs situated nearby CLK and CYC sites that were enriched in heads or bodies, and several of these motifs corresponded to characterized transcription factor binding sites. Of these motifs, only five were required to correctly predict head-or body-specific CLK-CYC binding sites, but among these five motifs a GATA factor binding site was required to predict all CLK and CYC binding sites in the body. Given this remarkable predictive value, detailed analysis of a CLK-CYC site associated with a GATA site showed that one of the many Drosophila GATA factors, called SERPENT (SRP), bound the GATA sequence and synergistically activated transcription with CLK-CYC. Importantly, the vast majority of promoters containing GATA sites nearby CLK and CYC binding sites activated expression predominantly in body tissues. These results demonstrate that GATA factors play a key role in the tissue-specific activation of promoters bound by CLK-CYC in bodies and suggest that other tissue-specific factors activate expression in head tissues (Figure 1 ). Given the conservation of CLK-CYC and GATA factors, this model likely applies to tissue-specific activation of clock output genes in mammals.
Though the Meireles-Filho et al. study has provided valuable insights into tissue-specific regulation of clock output genes, it also raises several questions. First, how do CLK-CYC or CLOCK-BMAL1 cooperate with GATA factors to activate target genes in a specific tissue? When Meireles-Filho and colleagues carried out luciferase reporter gene assays in cultured Drosophila cells, low levels of either CLK-CYC or GATA factor alone were unable to activate transcription, but the same levels of CLK-CYC and GATA factor together were able to bind their DNA consensus sequences and synergistically activate transcription. This synergistic activation does not preclude the possibility that one factor may be silently bound to DNA and prime the binding of a second factor that then recruits the transcriptional machinery. The recent characterization of circadian rhythms in permissive chromatin modifications at CLOCK-BMAL1 DNA binding sites [6, 11] , along with the role GATA factors play as 'pioneer transcription factors' (i.e. factors that can bind target sites in closed chromatin) [12] , would support such a hypothesis. In any case, while cooperation between transcription factors is not unprecedented and has been described in other systems [13, 14] , the precise mechanisms that mediate cooperative interactions remain enigmatic and warrant further investigation.
In contrast to the many tissue-specific clock output genes, genes encoding core clock components are expressed in all clock-containing tissues (Figure 1 ). How do mechanisms that drive core clock gene expression differ from those that control tissue-specific clock outputs? A 69 bp enhancer fragment from the period (per) gene (a core clock component activated by CLK-CYC that is responsible for feedback inhibition) is capable of driving rhythmic expression in all Drosophila head and body tissues that contain clocks [15] , which argues against the presence of multiple tissue-specific binding sites that enable CLK-CYC binding and transcription in all clock tissues. A recent study on widespread and tissue-specific expression of estrogen receptor (ER) targets suggests a mechanism through which CLK-CYC and CLOCK-BMAL1 could drive some target genes in all clock tissues and others in specific clock tissues. ER acts as a pioneer transcription factor to drive expression in multiple tissues if high-affinity estrogen response elements (EREs) are present, but can drive expression in specific target tissues in collaboration with other factors when low-affinity EREs are present [16] . Figure 1 . Model for widespread and tissue-specific expression of CLK-CYC target genes. Clock gene-expressing tissues in an adult Drosophila (left). Yellow, antennae; cream, brain; tan, fat body; purple, proboscis; black, pacemaker neurons; pink, photoreceptors; orange, digestive tract; gray, salivary glands; aqua, ventral nerve chord; blue, Malpighian tubules; green, male reproductive tract; brown, rectum. Arrows denote regulation of clock gene and output gene expression in brain pacemaker neurons, photoreceptor cells, fat body cells and Malpighian tubules (right). A pair of closely spaced E-boxes that bind CLK-CYC with high affinity are thought to promote transcription activation of clock genes in all tissues, whereas CLK-CYC bound to an E-box and a tissue-specific factor bound to a tissue-specific binding site cooperatively activate transcription of clock output genes in different tissues. Pacemaker neuron-specific factor binding site, PN-FBS; photoreceptor-specific factor binding site, PR-FBS; fat body-specific factor binding site, FB-FBS; Malpighian tubule-specific factor binding site, MT-FBS. suggest that E-box binding site affinity could account for differences in the expression of core clock genes and clock output genes. First, the top CLK-CYC and CLOCK-BMAL1 binding sites target core clock genes in both Drosophila and mice, respectively [3, [6] [7] [8] . Second, the core clock gene targets of CLK-CYC and CLOCK-BMAL1 contain dual E-box elements that drive higher levels of transactivation than single E-boxes [8, 17] , suggesting that they are high-affinity target sites. Third, Drosophila Clk is able to activate both core clock gene expression and circadian oscillator function when expressed in novel locations [18] Plant Biology: Gatekeepers of the Road to Protein Perdition Targeting membrane proteins for degradation requires the sequential action of ESCRT sub-complexes ESCRT-0 to ESCRT-III. Although this machinery is generally conserved among kingdoms, plants lack the essential ESCRT-0 components. A new report closes this gap by identifying a novel protein family that substitutes for ESCRT-0 function in plants.
Michael Sauer 1 and Ji rí Friml 2, 3 In 1989 the first report appeared about the conserved nature of components of intracellular protein transport between organisms belonging to different kingdoms [1] . Incidentally, it came from the group of James Rothman, one of this year's Nobel winners, who, together with Randy Schekman and Thomas Sü dhof (and certainly many others still waiting for a phone call from Stockholm), pioneered the field of intracellular transport mechanisms. Over the decades, it has become clear that much of the molecular machinery is conserved among kingdoms, including not only individual proteins, but also entire complexes.
One example is the ESCRT complex, which guides membrane proteins on their way to the lytic organelle (the vacuole in yeast and plants or the lysosome in animals) for degradation. It is composed of four subcomplexes, termed ESCRT-0 to ESCRT-III, that sequentially act on ubiquitinated cargo proteins. The role of ESCRT-0 is the initial recognition and recruitment of ubiquitinated membrane cargo as well as recruitment of ESCRT-I to the membrane. The ESCRT-0 complex is composed of two proteins, Vps27 and HRS in yeast or Hse1 and STAM in
